In response to insect herbivory, plants mobilize various defenses. Defense responses include the 2 release of herbivore-induced plant volatiles (HIPVs) that can serve as signals to alert undamaged 3 tissues and to attract natural enemies of the herbivores. It has also been shown that some HIPVs 4 can have a direct negative impact on herbivore survival, but it is not yet understood by what 5 mechanism. Here we tested the hypothesis that exposure to HIPVs renders insects more 6 susceptible to natural pathogens. Exposing caterpillars of the noctuid Spodoptera exigua to 7 indole and linalool, but not exposure to (Z)-3-hexenyl acetate increased the susceptibility to its 8 nucleopolyhedrovirus (SeMNPV). We also found that exposure to indole, but not exposure to 9 linalool or (Z)-3-hexenyl acetate, increased the pathogenicity of Bacillus thuringiensis. 10 Additional experiments revealed significant changes on gut microbiota composition after forty-11 eight hours of larval exposure to indole. Overall, these results provide evidences that certain 12 HIPVs can strongly enhance the susceptibility of caterpillars to pathogens, possibly through 13 effects on the insects' gut microbiota. These findings suggest a novel mechanism by which 14 HIPVs can protect plants from herbivorous insects. 15 16
Introduction
Plants defend themselves against herbivores through the production of specific 18 metabolites and proteins with toxic, repellent, or antinutritive properties (Jander & Howe, 2008) . 19 These defense compounds are either produced constitutively or induced in response to herbivore 20 attack (Schoonhoven et al., 2005) . Induction is mainly mediated by the insect feeding and leads 21 to the activation of multiple signaling pathways that regulate the production of defensive proteins 22 and metabolites (Mithöfer & Boland, 2012; War et al., 2012; Lazebnik et al., 2014) . Herbivores 23 exhibit multiple feeding styles (i.e. chewing, sucking) and differ in the levels of specialization to 24 their host plants. Accordingly, the plant response can vary depending on the type of herbivore 25 and can involve a combination of responses in case of multiple attacks. Plant defense responses 26 can also be elicited by other herbivore-related factors such as oviposition by insects (Hilker & 27 Fatouros, 2015; Veyrat et al., 2016) or even by the perception of volatiles emitted by 28 neighboring plants in response to insect attack (Kim & Felton, 2013; Erb et al., 2015) . , 1998) . HIPVs can also have direct benefits for the plant by repelling the 34 herbivore or reducing its growth and survival in the plant (Maag et al., 2015) . For instance, the 35 Green leaf volatile (Z)-3-hexenol from infested neighbors plants was found to be converted to 36 (Z)-3-hexenyl-vicianoside in tomato (Solanum lycopersicum), reducing survival and growth of 37 Spodoptera littura caterpillars (Sugimoto et al., 2014) . More recently, it has also been shown that 38 the HIPV indole increases weight gain, but reduces food consumption and survival in 39 Spodoptera littoralis (Veyrat et al., 2016) . 40 In a multi-trophic context, the eventual outcome of the interaction between plant and 41 herbivore is also modulated by pathogenic microbes, which is assumed to be due to direct as well 42 as indirect effects of toxic phytochemicals on entomopathogen persistence and infectivity ( 
Results

57
HIPVs effects on the susceptibility to viral and bacterial pathogens 58 Newly molted third instar S. exigua larvae were used to evaluate the effect of HIPVs on insect 59 susceptibility to a sublethal dose of the SeMNPV. For that, the viral dose was set to produce 60 about 10-20% of mortality under our experimental conditions. Larvae were reared on artificial 61 diet in the presence of a 0,2 ml tube that either was empty (control), contained 4 mg of indole, or 62 contained a 10% solution of linalool or hexenyl-acetate. The lid of each tube was punctured to 63 allow the release of the volatile during the duration of the bioassay. Compared with the control 64 conditions in the absence of HIPVs, a drastic increase in mortality (P<0.001) due to baculovirus 65 infection was observed when larvae where reared in the presence of indole or linalool ( Fig. 1A 66 and S1). No effect on SeMNPV pathogenicity was observed when the larvae were exposed to 67 hexenyl-acetate ( Fig. 1A and S1). Significant synergistic interaction (P<0.001) was found 68 between the SeMNPV virus and indole or linalool. At the SeMNPV dose that we used, no 69 increase in virulence (measured as the mean of time to death by the viral infection) was observed 70 for any of the HIPVs treatments ( Fig. 1B and S1 ). 71 The effect of exposure to the indole on the SeMNPV infectivity was also tested at a higher viral 72 dose (producing about 80-90% mortality). Under these conditions, no additional increase in 73 mortality was observed in the presence of indole, however a significant increase in virulence of 74 the virus was found, with mortality occurring 20% earlier in the indole-exposed insects ( Immune status of insects exposed to volatiles 85 To test if exposure to HIPVs affects the immunological status of S. exigua, we measured the 86 levels of two enzymatic key markers of the cellular immunity in insects, phenoloxidase (PO) and 87 phospholipase A2 (PLA2). PO is involved in the process of encapsulation and melanization 88 (Cerenius & Soderhall, 2004) , whereas the enzyme PLA2 activates the eicosanoid pathway 89 involved in the cellular immunity in insects . Several studies have shown 90 that the inhibition of eicosanoids increases insect susceptibility to baculovirus (Stanley & 91 Shapiro, 2009; Kim & Kim, 2011) . PO activity was measured in the haemolymph of L3 larvae 92 exposed to the different HIPVs for 24 and 48 hours. Compared to controls, the exposure had no 93 effect on PO activity ( Fig 3A) . PLA2 activity was measured on the whole body extract of L3 94 larvae exposed to the three HIPVs for 24 and 48 hours ( Fig 3B) . Again, no effect on enzyme 95 activity was observed for any of the treatments. These results suggest that the observed effect of 96 HIPV exposure on the susceptibility to pathogens is unlikely to be mediated by changes in the 97 cellular immunity.
99
Changes in midgut microbiota after exposure to indole. 100 Indole is known to be involved in bacterial processes, either by mediating bacterial 101 communication and quorum sensing (Kim & Park, 2013) , or through antimicrobial activity 102 (Sundar & Chang, 1993) . We therefore also evaluated, in side-by-side experiments, the effect of 103 indole exposure, as well as baculovirus infection on the larval gut microbiota load and 104 composition. No major effect of baculovirus infection on microbiota composition and diversity 105 was observed 48 hours posts infection. However, exposure to indole had a significant effect on 106 the microbiota load, alpha diversity and composition (Fig 4) . A multivariate canonical 107 correspondence analysis (CCA) showed a clearly different microbial profile (P=0.012) between 108 the indole-exposed and non-exposed group ( Fig 4A) . Forty-eight hours of exposure to indole, 109 resulted in a significant decrease in gut bacterial load (P<0.019; Fig 4B) and a significant 110 increase in bacterial diversity (P=0.03; based on the Shannon diversity index) ( Fig 4C and D) . 111 The relative abundance in percentage of the top genus in each sample as depicted in Fig 4C , 112 suggests that changes in diversity would be associated with the reduction in the relative 113 abundance of bacteria of the genus Enterococcus ( Fig 4C) . Linear discriminant analysis effect 114 size (LEfSE) confirms this differential abundance of the genus Enterococcus and revealed 115 specific genera that were differentially enriched in each group ( Fig 4E) . Among the most 116 represented genera in the indole-exposed group were Faecalibacterium, Ruminococcus, 117 Comanomonas, Chryseobacterium, Providencia, Sphingobium and unclassified 118 Oxalobacteriaceae, while four different genera were significantly overrepresented in the insects 119 that were not exposed to indole. These results imply that exposure to indole changes the insect 120 microbiota load and composition. activity of the exposed larvae, we did not detect any reduction in the enzymatic activity for any 166 of the three volatiles. Similarly, no effect on the PO activity, an enzyme involved in cellular and 167 humoral defense, was observed in the insects exposed to the three HIPVs. These results imply 168 that another mechanism, different from the direct interference with the insect's cellular 169 immunity, mediates the enhanced susceptibility after exposure to indole and linalool. One such 170 mechanism could involve changes in the gut microbiota caused by the HIPVs. We and others 171 have previously shown that changes in the gut microbiota composition can affect an insect's Insects and chemicals 209 The Spodoptera exigua colony was established with eggs that were provided by Andermatt 210 Biocontrol AG (Grossdietwil, Switzerland) and was continuously reared on artificial diet at 25 ± 211 3°C with 70 ± 5% relative humidity and a photoperiod of 16h light: 8h dark. 212 The synthetic volatiles used in the bioassays (indole, linalool and (Z)-3-hexenyl acetate) were 213 purchased from Sigma-Aldrich. 215 For the exposure to selected HIPVs we prepared 0.2 mL micro-centrifuge tube to which we 216 added 4 mg of indole powder or 10 µL of 10% of linalool or 10% (Z)-3-hexenyl acetate (in 217 destilled water). After perforating the lid of a tube with a G25 needle it was placed in a rearing 218 well (a. 2 cm X 2 cm X 2 cm) that contained an individual larvae and a piece of artificial diet. 219 The well was then sealed with micro perforated adhesive tape (Frontier Agricultural Sciences, 220 Product# 9074-L). 221 Aiming to assess the effect of the selected HIPVs on the SeMNPV, third instar (first day) S. first instar S. exigua larvae, and the larvae were exposed to the different HIPVs as described in 253 the first experiments. Briefly, a volume of 50 µL of the bacterial suspension was applied on the 254 surface of the diet in individual wells (0.5 ng/cm 2 ) and left to dry for 30-60 min in a flow hood. 255 Then, first instar larvae were placed individually in each well together with the tube containing 256 the respective volatile and mortality was recorded after five days. Statistical analysis were 257 performed using either the student's t-test or the Newman-keuls test (GraphPad Prism). Three 258 independent replicates were performed using 16 larvae per treatment and replicate. 294 To determine if exposure to indole and/or infection with the baculovirus influence the gut 295 microbiota of S. exigua, third instar (first day) larvae were exposed to indole and infected with 296 SeMNPV as described above. Fig. 3 . Effect of the tested HIPVs on two enzymatic markers of the cellular immunity of S. 362 exigua. A) Relative Phenoloxidase activity in the haemolymph of insects exposed to selected 363 volatiles at 24 and 48 hours after exposure. B) Relative PLA2 activity in the fat body of insects 364 exposed to selected volatiles at 24 and 48 hours after exposure. For both markers, the activity is 365 normalized according to the activity obtained for the non-exposed insects. composition (genus level) in the indole-exposed and non-exposed insects. B) Bacterial load 370 calculated for the samples from the indole-exposed and non-exposed insects. C) Relative 371 abundance in percentage of the top genus in samples from the indole-exposed and non-exposed 372 insects. The exposition to the viral infection is indicated as + in the top of the panel. D) 373 Microbial diversity calculated as the Shannon index in the samples from the indole-exposed and 374 non-exposed insects. E) LefSe (Linear discriminant analysis effect size) results, reporting the 375 more significantly overrepresented taxa for the indole and no indole group. 
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